Repetitive genomic sequences can adopt a number of alternative DNA structures that differ from the canonical B-form duplex (i.e. non-B DNA). These non-B DNA-forming sequences have been shown to have many important biological functions related to DNA metabolic processes; for example, they may have regulatory roles in DNA transcription and replication. In addition to these regulatory functions, non-B DNA can stimulate genetic instability in the presence or absence of DNA damage, via replication-dependent and/or replication-independent pathways. This review focuses on the interactions of non-B DNA conformations with DNA repair proteins and how these interactions impact genetic instability.
then it can pair with the purine-rich strand of the duplex via Hoogsteen hydrogen bonding to form a three-stranded helix, leaving the complementary strand unpaired [7, 8] . This particular type of non-B DNA is referred to as H-DNA or intramolecular triplex DNA. Purine bases in alternating purine/pyrimidine sequences, such as GT or GC repeats, can adopt a syn conformation while the pyrimidine nucleosides remain in an anti confirmation.
Such a transition can bend the phosphate backbone into a zig-zag shape (referred to as Z-DNA) and alter the winding direction of each strand from right-handed to left-handed [9, 10] . In specific sequence contexts, four guanine bases can align via Hoogsteen hydrogen bonding to form a square planar structure called a guanine tetrad [11] . Further, regions containing four runs of three or more guanines have the potential to form stable Gquadruplexes where three or more guanine tetrads stack with each other. Other types of non-B DNA conformations include "sticky DNA", an intramolecular structure adopted by two triplex-like structures and A-DNA, a DNA conformation that contains an increase in the number of base pairs per rotation, a deeper major groove, and a shallower minor groove than B-DNA (reviewed in ref. [2] ). Some examples of non-B DNA structures are illustrated schematically in Figure 1 .
Non-B DNA conformation in vitro and in vivo
Numerous techniques have been employed to characterize non-B DNA structures in vitro [12] [13] [14] [15] , and biological and genetic studies of non-B DNA structures, have revealed both physiological and pathological roles of non-B DNA in vivo. Accumulating evidence suggests that non-B DNA conformations play important biological roles in chromatin architecture, gene expression regulation, DNA replication, DNA damage and repair, and genetic instability, as summarized in the following reviews [4, [16] [17] [18] [19] [20] . As studies continue to elucidate the extent to which non-B DNA impacts biological functions in the cell, the following questions arise: "where" in the genome do non-B DNA-forming sequences reside?; "which" non-B conformations are formed at those sequences?; and "when" in the life-span of a cell do these sequences adopt non-B DNA structures and what are their functions within those sequence contexts?
As briefly described above, certain sequence motifs have the potential to adopt specific types of non-B DNA conformations. These sequence patterns allow for the identification of potential non-B DNA-forming sequences in the genome. With the advances in DNA genome sequencing, researchers have used this information to develop computer-based algorithms to develop search engines for potential non-B DNA structure-forming sequences [21, 22] (reviewed in [23] ). Most search algorithms allow for user-defined settings to adjust the search parameters, and some can provide predicted free energy costs for such B-to non-B transitions. Thus, the user can evaluate the theoretical potential of a given conformation within sequences that may adopt more than one non-B DNA structure.
These computer-based search programs can be used to answer the questions of "where" and "which type", but they do not provide information to address "when" does a non-B DNA conformation form in vivo. This question is confounded by many parameters, including but not limited to chromatin structure, epigenetic alterations, protein binding to the structure or structure-forming sequences, genomic context, DNA metabolism, and phase of the cell cycle. Non-B DNA structures are high-energy states relative to Watson-Click B-DNA, thus even an ideal non-B DNA-forming sequence is likely to remain in a B-DNA formation at most times under normal conditions. Further, genomic DNA is packaged into chromatin in vivo, and this interaction between DNA and histones also assists in maintaining DNA in a B-conformation. Thus, conditions that allow for unwinding of the DNA from the histones, separation of the DNA duplex (e.g. DNA replication, transcription, repair), and generation of negative supercoiling in the unwound DNA facilitate non-B DNA structure formation.
Non-B DNA contributes to genetic instability
Using algorithms as mentioned above to search genomic DNA for sequences with the capacity to adopt non-B DNA structures led to an important discovery; non-B DNA-forming sequences often co-localize with hotspots of DNA double-strand breaks (DSBs), deletions, rearrangements, and chromosomal translocations [24] [25] [26] , implicating non-B DNA in genetic instability. For example, polypurine mirror-repeat H-DNA-forming sequences [27] [28] [29] [30] [31] [32] [33] [34] , mixed GT and GC Z-DNA-forming repeats [35, 36] , and purine-rich tracts with the capacity to form intramolecular G-quadruplex structures [37, 38] were found within hundreds of bps adjacent to the major breakage hotspots within the P1 promoter of the c-MYC gene. H-DNA-forming sequences were also found in the major breakpoint region (Mbr) of the BCL-2 gene, which is implicated in follicular lymphomas [39] . Changing the linear sequence in the Mbr region slightly (i.e. CCC to GGG), to prevent the formation of H-DNA, substantially reduced the frequency of translocation events in the BCL-2 Mbr, suggesting a role for H-DNA in genetic instability [40] . Z-DNA-forming sequences were also found within hundreds of bps surrounding the translocation breakpoints in lymphoid tumors [41] , and the DNA breakage hotspot cluster region from a subgroup of B-cell precursor acute lymphoblastic leukemia [42] . A long AT-rich inverted repeat on human chromosome 11q23 and 22q11 co-localizes with the breakpoints for t (11;22) translocations [43] [44] [45] , not only in lymphoblasts and fibroblasts, but also in sperm from normal healthy males [46] . G-quadruplex-forming sequences have been found within 500 bp of mitotic and meiotic DNA breakpoints [47, 48] , and are associated with mutation hotspots in human disease such as ataxias and Fragile X syndrome (FXS) [20] .
Many other studies have provided solid evidence for non-B DNA in genetic instability both in vitro and in vivo, as summarized in the following reviews [16, [49] [50] [51] [52] [53] and within this issue. Of particular relevance, we found that when human sequences capable of forming H-DNA and Z-DNA were integrated into the genomes of transgenic mice, non-B DNAinduced genetic instability events in the genomes of ~7% of the F1 offspring (of ~100 mice analyzed), including large deletions, rearrangements and/or translocations, while no such events were detected in >60 mice carrying canonical B-DNA control transgenes [54] . Surprisingly, the percentage of non-B DNA-induced mutation on the transgenes in the mice was much higher than that observed from our studies using shuttle vector mutation-reporter plasmids in mammalian cells [54] [55] [56] , and the frequency of de novo t(11;22) translocations mediated by AT-rich inverted repeats in human sperm [46] . A possible explanation for this result, aside from the differences in experimental systems used, is that the transgenes containing the non-B or B-DNA sequences were not functional or required by the cell and therefore were not under selective pressure. Because the system used allowed for detection of a wide range of mutagenic events, our study may reflect an unexpectedly high level of non-B DNA instability in living cells. Thus, the mutagenic potential of endogenous non-B DNA-forming sequences may be under-estimated in many studies, since those cells suffering non-B DNA-induced mutagenic events in critical genes could be eliminated from the population prior to detection.
Replication-dependent mechanisms of non-B DNA-induced genetic instability
Many non-B DNA-forming sequences, such as triplet repeats capable of forming hairpin or looped structures, are more unstable in highly proliferative tissues [57, 58] or in rapidly dividing cells [59, 60] , than in differentiated or slowly-replicating cells [61] [62] [63] . The frequencies and patterns of mutation caused by some of these non-B DNA-forming sequences are also dependent on the DNA replication status of the cell, and on the distance and orientation of the repetitive sequences relative to the replication origin [64] [65] [66] [67] [68] [69] [70] . These observations support at least two related models of replication-dependent/related genetic instability at non-B DNA-sequence containing regions: i.e. replication facilitates the formation of non-B DNA structures by separation of the duplex strands and/or by providing energy from negative supercoiling; and/or mutations occur during replication at non-B DNA regions, perhaps by structure-induced impediments to the replication machinery. Because the DNA replication machinery displaces nucleosomes and unwinds the genomic duplex DNA during replication, this generates long single-stranded regions on the lagging strand. These conditions can facilitate a B-to non-B transition. Moreover, many forms of non-B DNA can impact the processivity of DNA polymerases [71, 72] and cause replication fork stalling [66, [73] [74] [75] , which further prolongs the existence of single strandedness on the lagging strand, thereby facilitating the formation of certain types of non-B DNA structures. On the other hand, components of the DNA replication machinery, e.g. DNA helicases, can unwind many types of non-B DNA structures in front of replication forks, and can assist in replication fork restart, in part by resolving non-B DNA structures [76] . However, it has been demonstrated that some energy stable non-B DNA conformations are resistant to helicase unwinding [73, 77] . Pre-existing non-B DNA structures can impact the fidelity of DNA polymerases, and result directly in the generation of mutations. For example, simple repeats such as hairpin-forming triplet repeats, can cause primer-template slippage during DNA replication, and can promote further slippage events [78] , giving rise to repeat expansion or contraction, depending on strand orientation. If the stalling persists, DNA replication forks may collapse, resulting in DSBs [79] [80] [81] . 2-D electrophoresis of DNA replication intermediates, combined with Southern blotting, has demonstrated non-B DNAinduced replication fork stalling in vivo [82, 83] , implicating DNA replication in non-B DNA-induced genetic instability.
Replication-independent mechanisms of non-B DNA-induced genetic instability
While the replication-dependent models of non-B DNA-induced genetic instability discussed above are well established mechanisms [84] , non-B DNA structures can also stimulate mutations in non-proliferative or slowly-proliferating tissues, e.g. brain [85] [86] [87] in Huntington disease and spinocerebellar ataxias, and muscle in patients with Kennedy's disease and Myotonic dystrophy [62, 88] . These findings suggest an alternative mechanism(s) of DNA structure-related instability that is independent of DNA replication.
In support of such a model, we found that H-DNA, Z-DNA, and short cruciform-forming sequences were capable of stimulating the formation of DSBs and large-scale deletions on mutation-reporter plasmids in replication-deficient HeLa cell extracts [ [56] and unpublished data]. Moreover, the spectra of mutations induced by ZDNA and H-DNA on plasmids in replication-deficient cells differed from those that occurred on the same plasmids in replication-proficient cells ( [56] and our unpublished results).
Non-B DNA structure formation independent of replication
While replication can facilitate the formation of non-B DNA structures, genomic DNA remains in a dynamic state even in the absence of replication. Several biological processes result in negative supercoiling, opening of the chromatin structures and unwinding DNA, and thereby facilitate the formation of non-B DNA. Examples include DNA repair and DNA transcription, discussed below.
DNA damage and repair-induced non-B DNA conformation-DNA lesions can alter the conformation of the DNA helix, recruit or prevent the binding of DNA interacting proteins, and modify the distribution and modification of chromatin-related proteins, which can facilitate or impede the formation of non-B DNA. For example, an abasic site can destabilize duplex DNA in the canonical B-conformation, but has little effect when the abasic site is located in the loop of a hairpin structure [89] . One can speculate that an abasic site, or other bulky adduct that can destabilize B-DNA, when in the single-stranded region of an H-DNA or G-quadruplex structure may have a similar effect, although this has not yet been determined. A DNA interstrand crosslink within a cruciform/hairpin or loop structure may prevent a transition to B-DNA; while if a crosslink is formed within B-DNA, it may inhibit the formation of non-B conformations that require strand separation for their formation.
Repair of damage on genomic DNA will generate the conditions that favor non-B conformation, e.g. an open chromatin structure and the generation of negatively supercoiled single-stranded DNA. Moreover, the process of DNA repair per se can generate non-B DNA conformations at repetitive sequences. For example, it has been shown that the repair of a DSB near a short inverted repeat allowed the formation of a hairpin structure at the tip of the breakpoint. The end of the folded strand was then ligated to the complimentary strand to form a large hairpin structure in Saccharomyces cerevisiae [90] .
Transcription-induced non-B DNA formation-The DNA transcription machinery opens the chromatin structure and separates the coding and non-coding strands, and generates negative supercoiling downstream of the migrating complex, conditions that are conducive to the formation of non-B DNA structures. In fact, formation of a Z-DNA structure in the c-MYC promoter region (see above), as detected by Z-DNA-specific antibody binding in permeabilized mammalian cell nuclei, was dependent on transcription of the c-MYC gene [36, 91, 92] . Formation of G-loops (G-quadruplex on one strand and an Rloop structure on the other strand) requires hybridization of an RNA strand to the complimentary C-rich DNA strand, and is therefore dependent on transcription [93] . In collaboration with the Hanawalt group, we found that an H-DNA-forming sequence from the human c-MYC promoter (see Figure 2 ) resulted in stalling of T7 RNA polymerase within and downstream of the H-DNA-forming sequence [94] . We speculated that once T7 RNA polymerase passed the H-DNA-forming sequence, the generation of negative supercoiling allowed the formation of H-DNA at this sequence. The newly synthesized RNA could further bind to the template DNA strand to form a R-loop structure, or an RNA-RNA-DNA triplex structure on the otherwise single-stranded region within the H-DNA structure. This complex structure could cause architecture problems for RNA strand rotation and result in RNA polymerase stalling [94] . Thus, the process of transcription can facilitate the formation of non-B DNA structures, and also stabilize some types of non-B structures once they are formed.
Non-B DNA-induced mutation independent of replication
Roles of DNA repair protein in non-B DNA-induced genetic instability DNA repair mechanisms have evolved to maintain genome integrity by removing DNA damage. To efficiently recognize damage in genomic DNA, many repair proteins sense DNA helical distortions (both chemical and physical) induced by the lesions [95] [96] [97] . Because the formation of non-B DNA can induce helical distortions, some of these structural alterations may share similarities with damaged DNA substrates, and thereby trigger repair activity in the absence of DNA damage per se. A variety of DNA repairrelated proteins can recognize and bind specifically to non-B DNA structures, and cleave DNA at or near the non-B DNA conformation.
Nucleotide excision repair (NER) proteins are thought to recognize bulky DNA adducts via chemical and physical alterations in the Watson-Crick B-DNA helix [98] . A triplex structure formed by a triplex-forming oligonucleotide (TFO) binding to a polypurine/polypyrimidine duplex DNA via Hoogsteen hydrogen bonding [99] , similar to the intramolecular triplex region of H-DNA, was shown to induce NER-dependent mutagenesis in mammalian cells [100] . The xeroderma pigmentosum group A (XPA), and group C (XPC) proteins were shown to stimulate repair synthesis at intermolecular triplex regions in HeLa cell extract [101] , and the purified human recombinant XPA-RPA complex [102] and XPC-RAD23B complex [103] recognized and bound to intermolecular triplex structures in vitro [103] . We have also found that XPA deficiency reduced H-DNA-induced mutation frequencies in human XP12RO cells (Wang et al, unpublished results), suggesting that XPA plays a role in non-B DNA-induced genetic instability. In human cells, transcription-coupled NER proteins (XPA, CSB and ERCC1 and XPG) have been implicated in contraction of chromosomally integrated CAG repeats in a transcription-dependent fashion [104, 105] .
Mismatch repair (MMR) proteins are responsible for the repair of base-pairing errors such as mismatches and small loops caused by replication-associated base miss-incorporation, replication slippage events, or certain types of DNA damage. The optimal substrates for MMR share similar features with some non-B DNA structures such as small loops formed at simple repeats, hairpin structures formed at CNG triplet repeats where one mismatch exists in every three bp in the stem, and B to Z-DNA and B to H-DNA junctions. MMR has been shown to remove small cruciform structures (12 bp) in Chinese hamster ovary cells [106] and in yeast [107] , but not large loops (e.g. 140 bp) [108] [109] [110] . Hairpin structures containing mismatches formed at CNG triplet repeats can recruit the MSH2-MSH3 complex [111] . MMR proteins have also been implicated in intermolecular triplex structure-induced mutagenesis [112] [113] [114] . MSH2-MSH3, together with XPA-RPA or XPC-RAD23B, has been shown to bind to intermolecular triplex structures with high affinity and specificity in vitro and in vivo [114] . H-DNA-forming GAA repeats induced chromosomal breakage in yeast, mediated by the MMR complexes MutSbeta and MutLalpha [115] . We have found that MSH2 deficiency in human cells reduced both H-DNA and Z-DNA-induced mutation frequencies by ~30-40% (Wang et al, unpublished data), supporting a role for MMR proteins in non-B DNA induced genetic instability [115] .
Base excision repair (BER) proteins remove oxidative and alkylation-induced DNA damage. Although similarities between non-B DNA structures and optimal BER substrates are not obvious, BER proteins have been shown to be involved in non-B DNA-induced mutagenesis. Many non-B DNA structures represent targets for DNA damaging agents, and repair of these damaged sites at or near non-B DNA regions by long-patch BER involves resynthesis of a long tract of DNA by polymerase beta (pol beta) [116] . Pol beta is a low processivity, low fidelity polymerase [117, 118] , and its non-continuous synthesis can result in misalignment of the nascent strand and template, resulting in contraction and expansion of repetitive DNA. In a mouse model of Huntington's disease (HD), pol beta was enriched on expanded and unstable CAG repeats in the striatum, but not on the more stable CAG repeats in the cerebellum [119] . Deficiency of pol beta and a BER cofactor, HMGB1, was found to suppress CAG expansion [120] . Moreover, if the repetitive sequence was located in the 5'-flap structure generated during long-patch BER, the single-stranded sequence was able to adopt a non-B conformation such as a hairpin or a stem-loop. Once a stable structure was formed at the end (concealing the 5' end), the flap structure became resistant to endonuclease activity of the flap-removing enzyme, Fen-1 [121] . The repeats within the flap structure reannealed and religated, resulting in expansion during the next cycle of replication [120] . In contrast, deficiency in the BER initiation and cleavage proteins [e.g. DNA glycosylase 8-oxoguanine glycosylase (OGG1)], has been found to suppress triplet repeat expansion in mice [122, 123] .
Non-B DNA impacts DNA damage patterns and repair efficiency
DNA damaging agents and repair proteins interact with DNA within chromatin in vivo, thus the type, location, and amount of damage, as well as the efficiency and fidelity of repair, can be affected by DNA structural features and chromatin organization. Non-B DNA conformations can dramatically alter both the amount and location of DNA damage, and the repair efficiencies, and thus impact genetic instability.
Non-B DNA structures affect the accessibility of DNA to damaging agents
Bases in canonical B-form DNA are protected inside the sugar-phosphate backbone. Many types on non-B DNA conformations alter this arrangement, making bases more or less accessible to certain types of DNA damaging agents. Single-stranded DNA, which is a common feature in most non-B DNA conformations, is more accessible to damage than B-DNA since the bases are more exposed. For example, triplex-duplex junctions are hyperreactive to DNA intercalators [124, 125] , while the triplex regions are more resistant to such agents because the third strand in the major groove can prevent the binding of major groove intercalators [126] . B-Z junctions, which contain base extrusion and single-stranded regions, are hyperreactive to DNA interactive agents [127, 128] . Guanine bases adopt syn positions in Z-DNA, and are flipped out the Z-shaped sugar-phosphate backbone. This transition renders guanines in Z-DNA more sensitive to dimethylsulfate and diethylsulfate modification [128, 129] . This was also the case when guanines were located in the loop region of a hairpin structure; rendering the exposed G bases hypersensitive to peroxynitrite (relative to B-DNA) [130] . The minor-groove is narrower in A-tracts containing T-A steps [131] , and AT-rich sequences [132] , which can enhance the negative electrostatic potential of the DNA. Such sequences can also reduce the accessibility of H4' and H5'2 by OH radicals, impacting the radiation-induced DNA breakage events.
Non-B DNA structures affect DNA repair efficiency and accuracy
Non-B DNA conformations alter the structural features of B-DNA helices and thus the accessibility of DNA damaging agents and DNA repair protein to the damaged sites. The binding affinity and repair efficiency of hOGG1 protein on 8-oxoG in a hairpin structure was significantly reduced compared to 8-oxoG in B-DNA [133] . In the striatal tissue of HD mice carrying expanded CAG repeats, abasic sites located at the 5' ends of the CAG repeats in a hairpin conformation were repaired less efficiently than abasic sites in B-DNA [134] . Purified MSH2-MSH3 complex can bind to CAG repeats in a hairpin structure, but the ATP hydrolysis activity of MSH2-MSH3 was reduced upon binding to a hairpin structure that contained A-A mis-paired bases in the stem. However, the effects of other types of mismatches within the triplet repeat were not tested [111] . As mentioned above, guanines in Z-DNA are more sensitive to alkylating modification [128, 129] , and once formed, the damage in Z-DNA (e.g. N7-methylguanine and O6-methylguanine), were resistant to excision by their repair enzymes, DNA glycosylase and O6-methylguanine-DNA methyltransferase, respectively [135, 136] . The persisting damage in non-B DNA conformations could result in hotpots for genetic instability.
Non-B DNA conformations alter chromatin structure
DNA damage and repair occur in the context of chromatin, in which the DNA is wrapped around histone cores, with the arginines on the histones protruded into the minor groove of the DNA helix [137] . The electrostatic interactions of negatively charged DNA and positively charged arginines are important in maintaining the nucleosome structure. DNA conformations that interrupt this arrangement can destabilize or diminish the nucleosome structure. GAA repeats, when in B-form DNA, were packed into a canonical nucleosome structure, but were refractory to nucleosome assembly in vitro when in a triplex structure [138] . Similarly, GA repeats, when in B-form DNA, were efficiently packed into nucleosome structures, but when the sequence adopted a triplex structure, nucleosome assembly was not possible unless the triplex conformation was disassembled [139] . AT-rich regions have been shown to be excluded from nucleosomes [140] , and while the core nucleosome DNA is typically GC-rich, a CG(9) repeat capable of adopting a Z-DNA structure was excluded from nucleosomes in S. cerevisiae [141] . Further, CpG repeats in the promoter region of the chicken adult beta-globin gene, capable of forming Z-DNA, were not able to bind to the histone octamer in vitro [142] . Putative G-quadruplex-forming sequences have been shown to co-localize with nucleosome-depleted regions in both human cells and in C. elegans [143] . While short CGG(7) repeats can be packed into nucleosome structures, the longer CGG(74) repeats, capable of forming a hairpins or G-quadruplex structures, were resistant to nucleosome assembly [144] . Importantly, it is possible that non-B DNA conformations in the genome can affect the tertiary DNA structures of adjacent regions. In one study, intermolecular triplexes formed by a 16-mer oligonucleotide binding to the center of a 199-bp duplex interrupted histone-DNA contacts not only within the triplex region, but also the flanking sequences up to ~100 bp from the triplex structure [145] . Our group recently found that CG (14) repeats were refractory to nucleosome assembly, particularly when the cytosines within the CG repeats were methylated [a modification that facilitates/ stabilizes Z-DNA structures (Wang et al. unpublished data) ]. Thus, the impact of non-B DNA on chromatin structure may, in part, account for distal mutations (point mutations, small deletions, or insertions) seen hundreds of bps from the non-B DNA-forming sequences [146, 147] .
In summary, a non-B DNA conformation in the genome can remodel the chromatin structure, alter the accessibility of DNA to damaging agents, impact the efficiency and accuracy of DNA repair pathways, and result in genetic instability within and surrounding (over hundreds of bps) the structure-forming sequences. The non-B structure itself, in the absence of DNA damage per se, can recruit and stimulate the activity of DNA repair proteins.
The complexity of non-B DNA structure formation in vivo
Alternative DNA structures were first identified and characterized many decades ago, using techniques such as circular dichroism (CD) to provide signature spectropolarimetry for a non-B DNA structure under specific conditions [148] ; enzyme or chemical probing for many types of non-B DNA structures ( [12] and references therein); structure-, rather than sequence-specific antibodies [40, [149] [150] [151] ; and direct visualization of some non-B DNA structures by electron microscopy, such as cruciforms, H-DNA, and (large structures containing G4 DNA on the G-rich strand and a RNA/DNA hybrid on the other) [93, [152] [153] [154] [155] . However, our understanding of the structural features and biological functions of non-B DNA in vivo is still in its infancy and future studies are warranted. Studies to characterize alternative DNA structures have, for the most part, been performed in vitro using simplified models [12] [13] [14] [15] 156] . While these studies have been invaluable in advancing the non-B DNA field, it is critical to characterize these structures in a chromosomal context in vivo, an area of research in which direct evidence is still lacking. Many computer-based search programs have been designed to identify potential non-B DNA-forming sequences in genomes, however most algorithms are designed with simplified search parameters based on our knowledge of DNA secondary structure formation in vitro. Thus such programs may result in false positive or negatives for a particular structure within repetitive sequences. For example, Z-DNA is known to form at pure alternating purine-pyrimidine sequences;
however, it has been demonstrated that sequences containing interruptions of the purinepyrimidine alternation have been shown to adopt Z-DNA structures in vitro [157, 158] .
More confounding are the dynamic conditions that impact non-B DNA structure formation (e.g. negative supercoiling, binding proteins, chromatin structure, epigenetics, DNA transactions), are not typically included in the search criteria. In support of this, we have found that cytosine methylation within CpG repeats can facilitate and stabilize Z-form DNA, impact nucleosome assembly, and induce higher mutation frequencies in human cells and mouse chromosomes (Wang et al, unpublished data) . Thus, structure predictions based on computer programs can only serve as a preliminary screening/identification step.
Importantly, it appears that the distribution of non-B DNA-forming sequences in genomes is not random. There are many regions in the genome that comprise clusters of different types of overlapping non-B DNA-forming sequences. For example, rare fragile sites in the human genome contain sequences that have the capacity to adopt a number of non-B DNA secondary structures such as hairpins, cruciforms, and quadruplexes [159] [160] [161] . Another example includes the 21 st intron of the human PKD1 gene, which contains a 2.5 kb polypyrimidine tract with 23 mirror repeats with stem lengths of at least 10 nucleotides [162] . These repeats can adopt H-DNA structures in vitro [163] . This region is highly mutagenic in both germ line and somatic cells from autosomal dominant polycystic kidney disease patients [164] . However, the extent to which of the polypurine/polypyrimidine mirror repeat tracts form H-DNA at any given time and their direct contribution to the high mutation frequencies is difficult to determine. Another example is the human c-MYC promoter region (Figure 2) , where multiple overlapping non-B DNA-forming sequences have been identified within a small region (~400 bp) surrounding the promoter P0 [23] . These include sequences with the capacity to adopt H-DNA [39] , G-quadruplexes [37] and Z-DNA conformations [92] , and each of these non-B DNA elements individually has been shown to be mutagenic in simplified models. However, the ability to demonstrate the extent to which one or another structure within this sequence impacts the formation of another and/or is solely responsible for the induced genetic instability in vivo remains a challenge.
GAA repeats can adopt H-DNA structures, but they also have the propensity to form slippage loops; GC repeats can readily form Z-DNA, but also can form hairpins or small slippage loops; many large repetitive regions, such as Alu repeats, contain smaller units that can form various non-B DNA structures. In addition, the formation of a non-B DNA structure on a molecule will relax the negative supercoiling, which is required for most non-B DNA conformations. Thus, the extent to which one structure-forming sequence impacts another within a given region must be considered, as these may not represent topologically independent regions. Thus in a genomic area that contains multiple non-B DNA-forming sequences, one tract may form a specific non-B DNA conformation at a given time, and may inhibit or promote another form of non-B DNA at the same or nearby tracts under given conditions. Moreover, DNA is in a dynamic state such that transitions between non-B and B-DNA may be on-going, where a transition from non-B to B-DNA in one tract may give rise to non-B formation in other regions. Until a direct and conclusive method is developed to detect a specific DNA structure within a region of multiple non-B DNA formingsequences, careful consideration is warranted when studying the biological effects of such a complex and dynamic region of the genome. 
